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PREFACE
Data on electron transport coefficients are needed to conduct parametric
optimization studies of rare gas-halide lasers.
This document represents the First Annual Technical Report for progress
made under contract ONR NO0014-77-0100 for the period of December 1, 1976
through November 30, 1977. Conte A5 ‘\
“Part A entitled "Electron attachment in Dilute Fluorine-Helium Mixtures”
has been accepted for publication in Applied Physics Letters.-
" Part B entitled "Electron Drift Velocities in Helium-Fluorine Gas Mixtures"
has been submitted to Applied Physics Letters.
Part C describes a point-to-plane electrical discharge that has been
developed to produce a burst of electrons of 10 nsec duration.'

Each part is independent with its own set of il]ustratioﬁf and references,
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Part A

Electron Attachment in :

Dilute Fluorine-Helium Mixtures*

by

Kaare J. Nygaard, Scott R. Hunter,

1.

John Fletcher', and Stephen R. Foltyn

Department of Physics, University of Missouri-Rolla

Rolla, Missouri 65401

We have made an absolute determination of the electron attachment
coefficient n(cm']) in helium containing 0.1 - 1% fluorine covering an E/N
range from 3 - 17 Td. At an estimated average energy of 5eV we find a rate

10 cm3/sec.

coefficient equal to (7.5 + 1.5) x 10
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Data on electron attachment in molecular fluorine are pivotal in under-

4-12.

standing the physical mechanisms of HF1’3 and rare gas-halide lasers It

has recently been shown]3

that the electrical discharge in the latter type of
laser operates in a stable mode when the attachment rate is equal to (or larger
than) twice the ionization rate, thus justifying detailed studies of these pro-

cesses.

The major objective of this letter is to present data on the process
l . Fate 2P Fs (1)

as it occurs in helium with a small amount (0.1 - 1%) of molecular fluorine
additive.
The rate coefficient ka for dissociative electron attachment in F2 (Eq. (1))

has recently been measured in two different experiments: (i) At an electron
9

temperature of about 600K Sides et 21.14 found ka = (4.6 +1.2) x 10” cm3/sec

] using a flowing afterglow technique. (ii) Results at higher electron energies
. 15
1. "%

(0.3 - 1.0 eV) have been obtained by Chen et By normalizing their
observations to the electron-ion recombination rate in a nitrogen plasma, they
determined ka = (2.3 + 0.3) x 10'9 cm3/sec at an average energy of 1 eV.

Our contribution has been to extend the measurements of ka into an energy

d'®, which

range of importance in practical lasers. The principle of the metho
requires no normalization to other data, is to produce a short, localized

pulse of electrons at a photocathode and to observe the evolution of the

external circuit current due to the motion of electrons and negative ions.
I The average electron energy in the gap between the plane-parallel electrodes is

governed by the applied electric field E and total gas number density N.




A schematic diagram of the apparatus is shown in Fig. 1. Two plane-
parallel aluminum electrodes of 20 cm diameter are separated from 0.5 - 3.0 E
cm by a micrometer screw. Light from a xenon ion 1aser17 (2315 R; 100 nsec ’
half-width) is focussed to a spot diameter of 0.5 mm on the cathode through a
1 mm aperture in the anode. The electrodes are situated inside a bakeable

7 Torr. Sapphire win-

stainless steel chamber with an end vacuum below of 10°
dows are used to admit the laser beam and to visually inspect the electrodes.
The chamber is pumped by two 25 1/s ion pumps whose performance has not been

impaired by the presence of fluorine. A mechanical forepump is isolated from
the high-vacuum volume by charcoal and molecular sieve traps. Great care had

been taken to "passivate" all surfaces with 2 - 5% F2 in He overnight

before any measurements were made. The partial pressure of F2 and helium are
known to within 5% and 1%, respectively, from measurements with a MKS Baratron
(Model 220-2A1-10) and Texas Instruments Quartz Bourdon Tube.

The crucial feature of our procedures is to integrate the circuit current
caused by the flow of fast electrons and slow negative ions and to observe the
resultant voltage transient on an oscilloscope. If initially N, photoelectrons
are produced at the cathode at time t = 0, it can be shown that the voltage

0 . 151

drop across the load resistor R(IO1 Q) at the transit time T_ of the

electrons is given by
VR(T.) = 25 [1 - exp(-nd)] (2)
R - Cnd :

In Eq. (2), e is the elementary charge, d is the electrode separation, C is
the capacitance of the discharge circuit, and n is the attachment coefficient
(in units of cm’]). The observed voltage will further increase as the remain-

ing negative ions drift out of gap, and will reach a constant maximum value of
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Fig. 2. Typical retraced oscillograms of integrated voltage transients (displaced

in the vertical direction) chosen to demonstrate the cases of (a) weak, (b)

intermediate, and (c) strong attenuation due to dissociative attachment. The

fast rise in (a) and (b) is due to electrons. The slowly rising part in all

curves is due to the integrated negative ion current, i.e.,

t -nd t
_eN g e nN
fo I.(t)dt = —lTn ftece W e T,

where v, is the drift velocity of the negative ions.

(a)

o

(b)
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Ve(t > T ) = e | (3)

c

where Tn is the negative ion transit time. It has been assumed above that the
time constant RC>>Tn. Typically, under our experimental conditions, we had
RC= 2.0 sec and T < 1073 sec. The ratio of Eqs. (3) and (2) allows the attach-

ment coefficient to be determined from

Va(Ty)
R d |
VR(T’-‘) i i e;lp(-ndf 3 (4) ' 3

Since n is determined from the ratio between two well-defined voltages, we
do not have to worry about fluctuations in the initial number of photoelectrons.

We determine the reaction coefficient absolutely from the relationship

ky = (n/N*)W_ (5)

once the electron drift velocity w_‘a

and fluorine number density N' are
known.

In order to give the reader an impression of the simplicity of the experi-
mental procedure, we present examples of the integrated voltage pulse, VR(t),
in Fig. 2, displaying the cases of (a) weak, (b) intermediate, and (c) very
strong attenuation due to dissociative attachment. The ratio of VR(Tn)/VR(T_)
as it occurs in Eq. (4) is undetermined when the attachment is so strong (c)
that most of the electrons are attached to F, molecules close to the cathode.

We also note the inherent inaccuracy in the case of weak absorption (a), and

therefore adjust the experimental parameters to let VR(T-)/VR(Tn) fall in the

range from 10 - 90%.




n/N' x 1076 (cm?)

l ] ] | | i l 1
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Fig. 3. Attachment coefficient divided by fluorine density as a function

of E/N with a fluorine concentration of 1.0% in 10 Torr helium.
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Fig. 4. Reaction rate for electron dissociative attachment in fluorine
as a function of average electron energy. The broken curve shows the theoretical
i results of Greene and Rockwood (Ref. 21). The full curve (N) is due to Nighan
(Ref. 20).[J - (Ref. 14). A - (Ref. 15). The accuracy in the present date

(@) is + 20%.




The direct results for the attachment coefficient divided by the fluorine
number density N' are plotted as a function of E/N in Fig. 3. We want to
emphasize that this represents an absolute determination with an overall

accuracy in n/N' of + 12%.

It is of interest to convert our data for n/N' to values of the reaction rate

ky by multiplying by the electron drift velocity W_ (Eq. (5)) as shown in

15

Fig. 4. In order to compare with Sides g§.g1,14 and Chen et al. ~ we have

estimated the average electron energy € in our experiment using the g-results

19 and calculated the average swarm energy by assuming a

Maxwellian energy distribution, i.e., € = %'gu These energies represent an

of Townsend et al.

upper bound since inelastic collisions have not been taken into account. The
actual energy values can be corrected later when g-values become available.

Recently Nighan20 has calculated the attachment rate in a gas mixture
consisting of 0.3% fluorine in helium taking energy losses due to vibrational
excitation, dissociative attachment, and dissociation into account. His results
are shown as the full curve in Fig. 4 joining the low-energy data of Chen et al.
with the present higher energy data. The broken curve marked G&R represents the
preliminary results of a calculation done by Greene and Rockwoodzl

An additional experiment is needed to verify if ka exhibits a maximum
around 0.1 - 0.3 eV.

We are thankful to Professor R.W. Crompton for comments on the manuscript

and to Drs. W.L. Nighan, A.E. Greene and S.D. Rockwood, for the results of

their unpublished calculations.
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ELECTRON DRIFT VELOCITIES IN HELIUM-FLUORINE

GAS MIXTURES*

Kaare J. Nygaard, John Fletcher, Scott R. Hunter, and Stephen R. Foltyn

Department of Physics, University of Missouri-Rolla |
Rolla, Missouri

B Using a simple time-of-flight technique, we have measured the electron
drift velocity in helium with 0.1 - 1% fluorine additive. Our results in a

0.1% mixture are in close agreement with data in pure helium. The measured

i drift velocity increases with increasing fluorine concentration.
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1

Modeling of HF requires accurate data on

and rare gas halide lasers
electron transport coefficients in gas mixtures containing fluorine. We are
presently engaged in a general program for direct experimental determination of
these parameters, and have previously measured the rate coefficient for electron
dissociative attachment5 in low concentrations (0.1 - 1.0%) of F2 in He. The
objective of this letter is to report measurements of the electron drift velocity
Vd under similar experimental conditions.

In general, the electron drift velocity is related to the velocity distri-

bution f, (v) by the relation

R df (v)
4n e E v 0
V4 'TEN‘J o7 & & (M
o]

where conventional gaseous electronics notation has been used. Note that fo(v)
is normalized according to

o rv‘zfo(v) dv =1

(o]
and is defined in such a way that it represents the distribution function for a

steady stream of electrons at a given E/N, but with allowance for inelastic
collisions. A direct measurement of the electron drift velocity can therefore
be used to estimate the mean energy if the effective cross section for momentum

transfer, qm(v),is known.

The principle of our method is to produce a short and well localized pulse
of photoelectrons at time t = 0 and observe their motion between two plane-
parallel electrodes. The number density, n(¥,t), within the resulting travel-

ing group of electrons, taking both elastic and inelastic collisions into

account, is governed by6

e P el




\§ _J Cathode

¥ "\ Anode

Ve (1)

S
Laser ¢ i

0
Principle of Experiment. Light from a Xe-ion laser (2315 A; 100 nsec
half-width) passes through a 1 mm aperture in the anode and produces
photoelectrons within a 0.2 mm dia. spot on the cathode. The

resultant electron current transient is integrated and displayed on

an oscilloscope.
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In Eq. (2), 3} and 3; are the average ionization and the attachment frequencies,

| and QL represent the diffusion coefficients

perpendicular and parallel to the z-direction. The distance travelled by the

respectively. Furthermore, q
centroid of the diffusing electron group over a time t is given by

Z = vyt. (3)

Assuming that an initial number of electrons no(O) starts drifting from the

cathode (z = 0) at time t = 0, the solution to Eq.(2) may be written as

(Fst) o (t —;r——(xzwz)vdl (t (z-azv")i (4)
nir,t) = = = expl(- expl(- w—=)1,
(41rl2L z/vd)(41rD“z/vd)1/72 _Lz 40“2

where a is a Townsend's first ionization coefficient and n is the attachment
coeffient. We note from Eq. (4) that, to the order of approximation to which
it is valid to use Eq. (2), the position of the electron centroid has not
been modified by the presence of weak ionization and/or attachment, and we are
therefore justified in employing a time-of-flight method to determine the
electron drift velocity. |

The details of the apparatus have been described elsewheres. With light

from a pulsed Xe-ion laser7

we generate no(O) photoelectrons at the cathode

at time t = 0. Mathematically, no(O) has been corrected for back-diffusion to
the cathode and represents the number of electrons that start drifting through
the gas against the electric field E. If there were no electron loss or gain

processes, we would measure a constant current in the external circuit during

the electron transit time T_. In order to increase the sensitivity of the method

Eene e
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Fig. Electron drift velocities in He-F2 mixtures as a function of E/N.

A1l data points are present results. The fulldrawn curve marked
N is due to Nighan (Ref. 15) and pertains to a calculation in
0.3% Fz + 99.7% He. The curve marked M & C depicts measurements
in pure helium by Milloy and Crompton (Ref. 8).




we integrate the current pulse and then observe a linearly rising voltage
pulse at the output of the amplifier in Fig. 1. In the presence of attachment,
the integrated electron current rises as [1 - exp(-nvdt)]. It exhibits a

discontinuity at t = T_ since Vg >> Y, (negative ion drift velocity),

allowing the electron drift velocity to be determined from Vg = da/T7_.
(d is the electrode separation, which may be changed from 0.3 - 3 cm.)

First, to check out the method, we have measured the electron drift
velocity in pure helium (Fig. 2) and compared our results with those of Milloy
and Cromptona. In the overlapping E/N region there is agreement within the
experimental errors. (Milloy and Crompton claim an accuracy of better than
+1.5%; the present accuracy is +10%,)

Second, in a gas mixture consisting of 1% F2 + 99% He, there is a definite
increase in the drift velocity, as shown by the open squares. (It was practically

impossible to get any data at higher fluorine concentrations for the reason that

most of the electrons would be lost due to attachment taking place close to the
cathode.) At a lower fluorine concentration(0.2%), there is a discernable difference
in the measured vy - values as compared to our own results in pure He. At a
concentration of 0.1% the observed vy = values fall within 10% of the pure He
data. (Our experimental errors in vq are increased to 12-15% when F2 is admitted
to the system).

The systematic trend showing an increase in electron drift velocity with

9 in a recent

increasing fluorine concentration has been supported by Nighan
calculation for a 0.3% F, + 99.7% He mixture (See curve marked N in Fig. 2).
His model includes vibrational excitation, dissociative attachment, and

dissociation of the Fz molecule, and the results are consistent with the

experimental data.
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The increase in drift velocity that results from the addition of F2 is
similar to that which has been observed previously when a molecular gas has

been added t010’]]~ or has been present inlz'13

» a monatomic gas. The

increased mobility is due to the introduction of numerous low energy inelastic

energy exchange processes that are absent in a pure monatomic gas. The

enhanced energy exchange between the electron swarm and the gas reduces the

average energy of the electrons in the swarm and hence increases the mobility.
In the case of fluorine, there is an additional process which acts

to decrease the mobilfty. Since the attachment rate for dissociative attach-

ment in F2 decreases with increasing electron ener'g,ys’]4

, the low energy fraction
of the swarm tends to be depleted preferentially. The remaining electrons will
thus have a mean energy that is higher than would otherwise be the case with a

consequent reduction in their mobility. We are unable to assess the significance

of this latter process, thch might be termed attachment heating, due to lack
of cross section data, but it is evident that it is less significant than the
former process.

Our observations confirm that, in rare gas - fluorine lasers, the electron
velocity distribution, and consequently the electron drift velocity, is strongly
dependent on fluorine concentration. However, for a fluorine concentration of
0.1% our measurements show no detectable effect on the electron drift velocity,
thus supporting recent model calculations? 4+1°

We want to thank Professor R.W. Crompton for comments on the manuscript

and Dr. W.L. Nighan for the results of his unpublished calculation.
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AUXILIARY DISCHARGE ELECTROM SOURCE

A number of problems have been encountered with the pulsed xenon ion laser
photoelectron source used in the present experiments. The power output of the
laser diminished with time, possibly due to contamination of the laser mirrors.
Further problems with the photoelectron source were that the photoelectric
conversion efficiency of the aluminum cathode was considerabhly reduced at the
higher concentrations of fluorine used in this work. The source was also only
able to be used over a relatively low pressure range, being from approximately
5 torr to 20 tor:.

For these reasons, it was decided to modify the system to enable a pulsed
gas discharge sour-e to be used as the electron source while waiting for the
new ArF laser to be comnleted. A schematic of the system is shown in Fig. 1.

A 1 mm hole was drilled in the cathode and a molybdenum pin source placed
immediately behind the hole. The apparatus was modified to allow the gap
separation between the pin source and the electrode to be varied. This allowed
the optimum pulse shape to be obtained at each operating pressure.

A typical discharge pulse is shown in Fig. 2, which indicates that pulse
widths of less than 10 nsecs half width are possible. The source has been
shown to work over the pressure range of 100 to 1000 torr, which is considerably
nearer the operating pressure range of present rare gas-halide lasers. It

shows great promise for future electron and ion mobility experiments.
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Figure 2.

Tracing of photograph showing the discharge
pulse.

Horizontal scale
Vertical scale

10 nsec/cm
5 volts/cm




T S W S gy in TN e

Distribution List

DODAAD
Addrassee Code

Director, Advanced Research HX1241
Projects Agency

1400 Wilson Boulevard

Arlington, Virginia 22209

Attention: Program Management

Director, Naval Research NO0173
Laboratory, Attn: Code 2627
Washington, D.C. 20375

Office of Naval Research N00014
Department of the Navy
Arlington, Virginia 22217

Defense Documentation Center S47031
Bldg. 5, Cameron Station
Alexandria, Virginia 22314

Office of Naval Research Branch N62880
Office, 536 South Clark Street
Chicago, I1linois 60605

TACTEC 79986
Battelle Memorial Institute

505 King Avenue

Columbus, Ohio 43201

Dr. John Meson

Advnaced Projects Agency
1400 Wilson Boulevard
Arlington, Virginia 22209

Mr. Robert Prestridge

Office of Naval
Research Resident

Park Hill Plaza

2326 Louisiana Street

Lawrence, Kansas 66044

Dr. Irving Rowe

Office of Naval Research
715 Broadway

New York, NY 10013

Dr. Robert Behringer
Office of Naval Research
1030 Green Street
Pasadena, Calif. 91106

Number of Copies

2

12

25




Unclassi ﬁedﬂ

] ¥ SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered) 26
REPORT DOCUMENTATION PAGE BEFORE COMPLE Fing FORM
] ). REPORYT MUMBER 2 GOVY ACCESSION NO.|] 3. RECIPIENT'S CATALOGC NUMBER
4. TITLE (and Sub"ll.) L B Aﬁ?‘tug1 Rﬁaaa}e PEROD CO\'[.(—D’q
] Dec. 1, 1976 - Nov. 30, 197jq
6. PERFORMING ORG, RERORT NUMBER
J 7. AUTHOR(s) 8. couTaAct]oa GRANT NUMBER(s)
‘ Kaare J. Nygaard N00114-77-C-0100 K ¢
] 9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::gf“.‘:J.L":s:‘,'-”’u':?.‘éf:- VASH
Dept. of Physics
University of Missouri--Rolla
] Rolla, MO 65401
1). CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Office of Naval Research December 31, 1977
] Physics Program Office 13 NUMBER OF PAGES
| 800 N. quincy Street, Arlington, VA 22717 26

14 MONITORING AGiNCY NAME A ADCRESS(if dilferent (rom Conteolling Office) 1S SECURITY CL ASS. (of thie report)

< Unclassified
4 15a. DECL ASSIFICATION ‘DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited. Reproduction in whole
2 or in part is permitted for any purpose of the United States Government.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, il different from Report)

8. SUPFLEMENTARY NOTES

19 XEY WORDS (Continue un reverse side il necessary end identily by block number)

F, dissociative attachment, rare gas-halide laser kinetics, electron drift
vglocities.

e fe e A abscTite "determinat Ton of "the e 'é'?:”f?"i‘)n attachment coefficient
n(em™') in helium containing 0.1-1% fluorine covering an E/N range from 3-17 Td.
At an estiTBted average energy of 5eV we find a rate coeff!c1ent equal to (7.5 +
1.5) x 107 cm3/sec. Using a simple time-of-flight technique, we have measured
the electron drift velocity in helium with 0.1-1% f!uorine additive. Our results
in a 0.1% mixture are in close agreement with data in pure helium. The measured
drift velocity increases with increasing fluorine concentration.

et ed e

DD ':2:';’ 1473  €01T1ON OF 1 NOV 63 15 OBSOLETE Unclassified
SECURITY CLASSIFICATION OF TRIS PAGE (When Data Entered)




